Directed self-assembly of a block copolymer is successfully employed to fabricate device-oriented graphene nanostructures from CVD grown graphene. We implemented mussel-inspired polydopamine adhesive in conjunction with the graphoepitaxy principle to tailor graphene nanoribbon arrays and a graphene nanomesh located between metal electrodes. Polydopamine adhesive was utilized for facile and damage-free surface treatment to complement the low surface energy of pristine graphene. Our process minimizes the damage to the ideal graphitic structures and electrical properties of graphene during the nanopatterning process. Multi-channel graphene nanoribbon arrays and a graphene nanomesh were successfully fabricated between metal electrodes.
Introduction
The unprecedented peculiar structures and properties of graphene, including a high carrier mobility and atomic scale dimensions, offer valuable opportunities to complement the inherent limitations of silicon based electronics [1, 2] . Unfortunately, pristine graphene possesses semimetallic characteristics without an electronic energy bandgap, which is generally disadvantageous for electronic applications. How to attain semiconducting properties with an appropriate energy bandgap is a principal challenge in current graphene research [3, 4] . From the early days of graphene research, sub-10-nm scale patterning of graphene has been suggested as a straightforward route to the preparation of semiconducting graphene [5] [6] [7] [8] [9] [10] .
Directed self-assembly of block copolymers is an emerging bottom-up technology for sub-10-nm scale nanopatterning [11] [12] [13] [14] [15] [16] [17] . Spontaneous microphase separation of chemically immiscible polymer blocks generates dense periodic arrays of self-assembled nanodomains in thin films, which can be exploited for lithographic templates [18, 19] .
To date, several research groups have exploited block copolymer lithography for graphene nanopatterning [20] [21] [22] [23] . Self-assembled hexagonal nanodot and parallel nanowire templates have been employed for nanomesh and nanoribbon fabrication, respectively. Unfortunately, large-area nanopatterning of low surface energy pristine graphene raises formidable technological issues. Moreover, an effective nanofabrication process for device integration is another significant challenge for eventual device applications.
Herein we report a versatile route to nanopatterned graphene structures, including graphene nanoribbon arrays and a graphene nanomesh, by means of mussel-inspired directed block copolymer self-assembly. Previous works on graphene nanopatterning generally require SiO 2 or another sacrificial layer formation on the graphene surface to complement the low surface energy and chemical inertness of pristine graphene. Such sacrificial layer formation is usually accompanied by a complicated multistep nanopatterning process that involves harsh chemical etching, which can significantly damage the ideal structures and properties of pristine graphene. Recently, our research group developed mussel-inspired block copolymer lithography based on polydopamine adhesives as a universal nanopatterning process for low surface energy materials, including Teflon, pristine graphene and gold [24, 25] . In this work, we successfully integrate mussel-inspired block copolymer lithography with a directed self-assembly principle for large-area nanopatterning of graphene for device-oriented structures. We deposit polydopamine onto a graphene channel confined between metal electrodes via a mild aqueous solution process. Following a straightforward surface treatment with a polymer brush neutralized both a bottom graphene surface and metal electrode side walls without any damage to the underlying graphene layer. Directed self-assembly of block copolymer thin films within this neutralized trench generated a vertical lamellar array aligned across the two metal electrodes by means of graphoepitaxy [26] [27] [28] [29] [30] [31] [32] [33] . Subsequent selective etching replicated a block copolymer self-assembled nanostructure onto the underlying graphene layer such that highly aligned graphene nanoribbon arrays were created. Significantly, the resultant graphene nanostructures are highly compatible with a current field-effect transistor (FET) device structure in which semiconducting channels directly connect metal electrodes.
Experimental details

Fabrication of graphene field-effect transistor structures
A positive tone photoresist AZ5214 (Clariant, US) was deposited on graphene/SiO 2 /Si substrates (graphene square, KR, 10 mm 2 , 300 nm SiO 2 ) by spin casting performed for 30 s at 3000 rpm and soft baked at 100 • C for 1 min to evaporate the residual solvent. The photoresist layer was exposed to an I-line source (Midas/MDA-6000 DUV, KR; wavelength: 365 nm; 9.5 mW cm −2 ) through a pattern mask. Pattern development was performed by immersing the photoresist film into AZ MIF300 (Clariant, US) for 30 s and thorough washing with water for 30 s. Cr/Au (10 nm/200 nm) layers were deposited by E-beam evaporation to form source and drain electrodes. The remaining photoresist layer was removed by washing in acetone after the metal electrode deposition.
Mussel-inspired surface modification
The fabricated graphene FET structure was immersed in a dilute aqueous solution of dopamine (1 mg ml −1 ), buffered to a pH typical of marine environment (10 mM Tris-HCl, pH = 8.0) for 1 h [34] .
For surface neutralization, a 250 nm thick hydroxyl group terminated poly(styrene-ran-methyl methacrylate) P(Sr-MMA) brush layer was spin-cast onto the dopamine treated FET structures and thermally annealed in a vacuum. After a sufficient thermal reaction time, excess polymer brush molecules were thoroughly spin-washed [35] .
Directed self-assembly of block copolymers
After surface modification, thin films of diblock copolymer were spin-coated onto the graphene area exposed between the metal electrodes. While a 200-220 nm thick symmetric polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA, M n : 51 kg mol −1 and lamellar period: 32 nm) was used for the graphene nanoribbon array, an asymmetric PS-b-PMMA (M n : 67 kg mol −1 and cylinder spacing: 20 nm) was employed for the graphene nanomesh. Thermal annealing was conducted at 250 • C for the directed self-assembly of block copolymers into highly ordered equilibrium nanostructures. After the thermal assembly, the PMMA nanodomains in block copolymer thin films and the underlying graphene layers were selectively etched by O 2 plasma treatment to pattern transfer the block copolymer self-assembled nanostructures into graphene layers.
Characterization
The nanoscale self-assembled morphologies of block copolymers and the created metal or photoresist patterned structures were imaged using a Hitachi S-4800 scanning electron microscope (SEM) with a field emission source at 1 kV. The transfer characteristics were measured at room temperature using a probe station and an HP 4145B semiconductor parameter analyzer.
Results and discussion
Fabrication of a graphene field-effect transistor
The overall process for a multi-channel graphene nanoribbon array is briefly described in figure 1. Source and drain electrodes of Cr/Au (10 nm/200 nm) were deposited at the graphene/SiO 2 /Si substrate by area-selective E-beam evaporation via a lithographically defined photoresist pattern. Figure 2(a) shows the photoresist pattern for metal electrode deposition. Figure 2(b) shows an optical micrograph of the resultant graphene channel confined between two metal electrodes. The channel length and width were 1 and 25 µm, respectively. It is noteworthy that a stable bandgap opening of graphene nanoribbon for room temperature requires sub-10-nm scale patterning. Directed self-assembly of block copolymers not only enables the ultrafine nanoscale patterning in such a sub-lithographic scale, but also generates a highly aligned dense periodic array connecting two metal electrodes. The vertical side walls of metal electrodes play the role of a structure guiding confinement for graphoepitaxy. Thus, the metal electrode height was optimized for the graphoepitaxy effect.
Mussel-inspired directed self-assembly of block copolymers
In our approach, a chemically inert, low energy graphene surface can be effectively modified by mussel-inspired polydopamine treatment without any damage to the graphene surface. Simple immersion in a buffered aqueous dopamine solution (1 mg ml −1 , 10 mM Tris-HCL, pH = 8.0) deposited a nanometer-scale thickness polydopamine layer onto both the bottom graphene channel and the gold electrode surfaces. After polydopamine treatment, a hydroxyl group terminated P(S-r-MMA) brush layer was spin-cast onto the entire surface area. Subsequent thermal annealing induced a covalent reaction between the hydroxyl terminal groups of the polymer brush and catechol groups at the polydopamine layer. The resultant brush-treated trench surface was chemically neutral (balanced identical surface tension) to PS and PMMA components with the optimized chemical composition of the random copolymer. Any excessive polymer brush molecules were thoroughly spin-washed by toluene. Finally, symmetric PS-b-PMMA (M n : 51 kg mol −1 and lamellar period: 32 nm) thin films with thicknesses of 200-220 nm were spin-cast in the neutralized trenches. Subsequent thermal annealing triggered the directed self-assembly of block copolymer thin films following the graphoepitaxy principle.
Fabrication of graphene nanoribbon arrays
Figure 2(c) presents an SEM image of the resultant PS-b-PMMA vertical lamellar array highly aligned across two metal electrodes [28, 29] . As a result of surface neutralization of the bottom graphene and metal electrode side walls, the lamellar array becomes oriented perpendicular to the bottom and sidewalls simultaneously, generating an idealized nanoscale multi-channel structure. UV radiation and subsequent O 2 reactive ion etching (RIE) selectively removed the PMMA lamellar domains in the block copolymer thin films. The remaining PS nanotemplate was used as an etching mask for the underlying graphene layer. O 2 RIE at a 100 W RF power completely etched the underlying graphene layer to replicate the self-assembled block copolymer nanochannel structures. Figure 2(d) shows the resultant graphene nanoribbon array formed across the metal electrodes.
Electrical characterization
Unlike unipolar silicon CMOS devices, graphene FET is known to exhibit ambipolar conduction, which offers switchability from p-type to n-type with the gate bias modulation [1] . The typical ambipolar conduction was observed for FETs with nonpatterned graphene channels ( figure 3(a) ). The drain current (I DS ) first decreased and then increased with the gate voltage (V G ). The voltage for minimum current is defined as the Dirac point. Due to the electronegative moisture or oxygen molecules inevitably absorbed on bare graphene surfaces in ambient conditions, the Dirac position was located in the positive V G range, demonstrating apparent p-doped behavior. Figure 3(b) shows the transfer characteristics of multi-channel graphene nanoribbon FETs prepared by replicating a lamellar block copolymer self-assembled morphology. Due to the highly electronegative catechol groups in the polydopamine layer and the oxygen functionalities generated at the O 2 RIE etched nanoribbon edge, the Dirac point is out of the measurement range, indicating a highly p-doped characteristic. Further processing optimization involved with the effective removal of the organic polydopamine residue and edge chemistry control at the etched graphene is required for detailed electrical characterization and device applications of the semiconducting graphene nanoribbon arrays.
Fabrication of a graphene nanomesh
Graphene nanomesh has been introduced as another promising graphene based nanostructure [20, 22, 23] . In our approach, a graphene nanomesh structure could also be readily prepared by employing self-assembled hexagonal cylinder nanostructures of block copolymers as nanotemplates, instead of lamellar nanostructures. Unlike discontinuous and discrete graphene nanoribbon structures, graphene nanomesh may offer a continuous semiconducting thin film, which can be utilized for transparent and flexible electronic device fabrication via a conventional semiconductor process. The fabrication process for graphene nanomesh is consistent with that of graphene nanoribbon arrays except for the employed block copolymer selfassembled structure. We employed asymmetric PS-b-PMMA (M n : 67 kg mol −1 and cylinder spacing: 20 nm), which forms hexagonal cylinder self-assembled nanostructures. Mussel-inspired directed self-assembly of the asymmetric block copolymer generated hexagonal arrays of vertical nanocylinders on a graphene channel. Further O 2 RIE replicated the vertical nanocylinder morphology onto the underlying graphene layer and successfully created a graphene nanomesh with a hexagonal antidot structure. 
Conclusion
We have demonstrated that directed self-assembly of block copolymers in conjunction with mussel-inspired polydopamine universal adhesive accomplished a highly effective fabrication process for graphene nanostructures, including graphene nanoribbon arrays and a graphene nanomesh. Significantly, our mussel-inspired nanopatterning does not require complicated process steps involving an inorganic sacrificial layer formation and minimizes the harsh chemical etching process that can severely damage the ideal graphitic structures and outstanding material properties of pristine graphene. Further advances of this approach for sub-10-nm scale feature sizes and an appropriate choice of graphene edge control should allow the production of semiconducting graphene nanostructures, which are in great demand for diverse device applications, including flexible and transparent electronic/optoelectronics, highly sensitive nanoscale sensors and energy storage devices.
